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SUMMARY

Analyticalexpressionsarepresentedforthe
momentcoefficientsofa wingoffinitethicbess

liftandpitching-
performinga plunging

motionandrotaryoscillationsaboutsanefixeda&le ofattack-atvery
lowfrequenciesintwo-dimensionalflow.

Calculatedliftandpitching-momentcoefficientsarepresentedfor
theentirerangeofangleofattackandthiclmessforwhichtheflow
behindtheshockattachedtotheleadingedgeiseverywheresupersonic,

● althoughtheeffectofviscousseparationatthefiniteanglesofattack
restrictsthevalidityoftheresultsto a muchsmallerrangeofthese
parameters.

u
Designchartsarepresentedwhichpermitrapidcalculationstobe

madeoftheaerodynamiccoefficientsfora givenMachnumber,angleof
attack,andthickness.Inaddition,someillustrationsareincludedfor
theeffectofangleofattackandthicknessontheneutral-stability
boundaryforslowlyoscillatingwings.

Theresultsoftheanalysisandcalculationsshowthatfortheflat-
platesectionandwedgesectionoffinitethickness,increasingMachnum-
ber,fora fixedangleofattackofthewing,decreasesthepositive
(destabilizing)valuesofthepitching-momentderivative%’%
andeventuallycausesthevaluesofthederivativetobecomenegative
(stabilizing).Fora fixedMachnumber,increasingtheangleofattack
ofthewinginthemoderateandhighangle-of-attackrangedecreasesthe
negativevalueofthepitching-momentderivative.Thiseffectbecomes
morepredominantwithincreasingwedgethicknessandrearward movements
ofthepitching-axislocation.

.

*
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INTRODUCTION

Inrecentyearsconsiderableefforthasbeenexpendedtowardthe
theoreticalcalculationoftheaerodynamicloads,forces,andmoments
actingon oscillatingwingsinthesupersonicspeedrange.Forwings
withlittleornothicknessat lowanglesofattack,thecalculationof
theaerodynamiccoefficientsisbaseduponlinearizedpotential-flow
theory.Fora tingwithfinitethicknessintwo-dimnsionalflowandat
anangleofattackwheretheflowbehindtheleading-edgeshock(shock
attachedto leadingedge)isrotational,theapplicationof inviscid
linearizedrotational-flowtheorypermitstheevaluationoftheaerody-
mmic coefficients.

Considerableinformationisnowavailableontheeffectofangleof
attackandthicknessontheaerodynamiccoefficientsofa wingoscillating
atverylowfrequenciesintwo-dhnensionalflow,butthisinformationis
scatteredthroughouttheliterature.Theobjectofthepresentpaperis
topresenta collectionofmostofthepertinentinformationtogetherwith
fairlyextensiveevaluationsofcertainformulas.Inaddition,itshould
be pointedoutthatallexpressionsfortheaerodynamiccoefficientscon-
sideredinthispaperhavebeenindependentlychecked,andsomeadditional
expressionsarederivedby extensionsofavailableformulas.

Theinformationpresentedhereincoverstheeffectofangleof
attack
motion
flow.
cients
witha
number

ontheloads,forces,andmomentsofa wingperforminga plunging h
androtaryoscillationsatverylowfrequenciesintwo-dimensional
Inaddition,theeffectofthicknessontheaerodynamiccoeffi-
hasbeenstudiedthroughtheapplicationofthetheorytoa wing

w

wedgeairfoilsection.Theresultsarevalidfora rangeofMach
andangleofattackforwhichtheflowbehindtheleading-edge

shockiseverywheresupersonic.(Theshockmustbe attachedto‘the
leadingedge.)

Thereadershouldbe cautioned,however,thattheeffectofviscous
separationatfiniteanglesofattackofthe
validityoftheresultsoftheanalysistoa
parameters.Somequalitativeindicationsof
unsteady-flowbehaviorforoscillatingwings

SYMBOLS

wingprobablyrestrictsthe
muchsmallerrangeofthese
theeffectofviscosityon
canbe foundinreference1.

1 i-K1l
a=

M127(7- 1)
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pressure

pressure

coefficientoflower

coefficientofupper
P2 - Pm

for ao> /5[,and
~ Pmvmp

surfaceofairfoil,PI“-Pm~~ pmvm

surfaceofairfoil,

pressuredifference,CP,Z - C
p,u

wingchord

liftcoefficient,Cn cos~

()ac-/,Cz =
a K =c%cos a.

-o

%
Pitchingmomentpitching-moment‘coefficient,

22* Pmvmc
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Cn normal-forcecoefficient,Normalforce2
$ pavac

()

acn
Cn. —
~ ~~

2Vm a=uo

()
acn

cna= ~
a=.

()

acn
Cn.= —
a b~

m a=ao

K~ flowparameterdefinedbyequation(3)

‘1I flowparameterdefinedby equation(7)

KTTT flowparameterdefinedbyequation(16)
.L.LL

Ml Machnumberbehind

M2 Machnumberbehind

shockinunperturbedflow

expansionfaninunperturbed-.

.

-..

*

flow .- * –-

Mca free-streamMachnumber

m slopeof shock,tan~

‘1
pressurebehindshockinunperturbedflow

P2 pressurebehindexpansionfaninunperturbedflow

Pm free-streampressure

q steadypitchingangularvelocity

t maximumthicknessofairfoilsection>2ctan ]51

V1 velocitybehindshockinunper~bedflow

Vm free-streamvelocity
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Ci
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Eu

rectanguhrcoordinates(seefig.1)

x-coordinateofpitchingaxismeasuredparalleltowing
chordplaneofsymmetry

angleofattack

fixedangleof attackofairfoil

rateof changeof

ratioof specific

semiapexangleof

wingangleofattackwithtime

heats

wedgesection

inclinationofairfoilsurfaceto free-streamdirection

acuteanglebetween
ofairfoil,a. +

acuteanglebetween
ofairfoil,a. -

acuteanglebetween
shockdirection

free-stresmdirectionandlowersurface
151

free-streamdirectionanduppersurface
151

free-streamdirectionandsteady-flow

densitybehindshockinunperturbedflow

densitybehindexpansionfaninunperturbedflow

free-streamdensity

Superscripts:

q pitchingangularvelocity

a angleofattack

& constantverticalacceleration
.

●

.
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Sketchesofthewingintwo-dimensionalflow,thecoordinate-axis
systememployedherein,andthepositive direction oftheIifi=d
pitchingmomentsarepresentedinfigure1. Theleft-handsketchof
figurel(a)showstheflat-platewingsectionthatisusedto determine
theeffectofangleofattackontheaerodynamiccoefficients.Inthe
right-handsideoffigurel(a)isa sketchofa wingwitha wedgecross
section,anditisthisdistributicmofthicknessthatisusedto eval-
uatetheeffectofthicknessontheaerodynamiccoefficientsat zeroand
finiteanglesofattack.

Theresultsoftheanalysis,presentedintermsofaerodynamic
coefficients,arevalidfortherangeofMachnumberandangleofattack
forwhichtheleading-andtrailing-edgeshocksremainattachedtotheir
respectiveedges,providedviscouseffectsareneglected.Variationof
themaximuminclinationofthelowersurfaceatwhichtheshockstill
remainsattachedwithfree-streamMachnumberisgivenbythecurvesin
figure2 fortheflat-plateandwedgesections.

AerodynamicCoefficientsandWingMotions

Harmonicallyoscillatingwingsleadto a naturalresolutionofthe
aerodynamicforcesandmcmentsintoh-phasecomponentsthatdependupon
theinstantaneousangleofattackandintoout-of-phasecomponentsthat

●

dependuponinstantaneousrateofchangeofangleofattack.
P

Theprimaryinteresthereinistheevaluationoftheout-of-phasecom-
ponentsoftheoscillatoryliftandpitching-momentcoefficientsacting
ona wingpetiormingrotaryoscillationsatverylowfrequenciesintwo-
dimensionalflow.Theseaerodynamicquantitiesfroma flutterstand-
pointrepresentonlyanapproximation,tothefirstorderinfrequency,
ofthetotalout-of-phaseoscillatorycoefficientssoimportantinflutter
studies.Forstabilityinvestigations,thederivativesofthesefirst-
orderliftandpitching-momentcoefficientswithrespecttothevariable
definingthemotionareveryimportantandaregenerallyknownas
stability-singderivatives.Thefinalexpressionsfortheaerodynmnic
coefficientspresentedhereinareinthederivativeform.

Thedampingorout-of-phaseforcesandmcmentsactingonanairfoil
oscillatinginpitchmaybe giventothefirstorderinfrequencyby the
sumoftheforcesandmmentsactingontheairfoilperformingplungin$
andsteadypitchingmotions.Thisfactisdemonstratedbythefollowing
derivationoftheangle-of-attackdistributiontothefirstorderin
frequencyona flat-plateairfoiloscillatinginpitchabouta = O.
Thesy?.tibolnotationisclsrifiedbytheaccompanyingsketch:

.

b,

.
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Theverticaldisplacementofanypointonthetingwhichisper-
formingsmallsinusoidalpitchingoscillationsof smallsmplitudea’
andfrequencym aboutanaxislocatedat x = ~ isgivenby

z = afetit(x- Z)

Theverticalvelocityw onthesurfaceis

w = Vma’etit+ @’ (x- Z).tit

Expandingetit andneglectingthetermsofhigherorderin m than
thefirstresultsin

[w = vmcc~ + i U)v#’t+ ua~(x- z)]

* To theorderoftheapproximationsstated,thefirsttermintheout-of-
phasebracketistheincrementofthetotaldownwashatanypoint x pro-
ducedas a resultoftheverticalaccelerationassociatedwiththispoint
whentheairfoilundergoesan oscillatoryrotationabout x = Z (plunging
effect).Inthesamesense,thesecondterminthebracketcanbethought
ofastheincrementofthetotaldownwashat thepoint x dueto a steady
rotationofthewingaboutthepoint x . S (steadypitchingorcamber
effect).Thissteady-rotationdownwashincrementresults,as doesthe
vertical-accelerationdownwashincrement,fromthefirst-orderapproxima-
tionto theoscillatoryrotarymotfonabout x = ~.

If intheprecedingexpressionw isdividedby Vm,and m is
setequslto q/u’ or &/a’,thefollowinge~ressionis obtainedfor
thelocalangleofattack:

[
alocd =a’ + i &t+ 1+(x - x)

m

L It isnowclesrthattheout-of-phasete- in aloca~aretheangles
ofattackduetoplungingandsteadypitching,as indicatedpreviously.
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TheoreticalConsiderations

Someoftheconsiderationsemployedintheanalyticaldevelopments v
availableforevaluatingtheaerodynamiccoefficientsofthewing
arenowsummarizedbriefly.Fulldevelc@nentsoftheanalysesare
warrantedsincetheymaybe foundinreferences2 to ~. -.

Alongtheuppersurfaceoftheairfoil,behindtheexpansionfan
fromtheleadingedgeoftiewingandahead-ofthestrongshockwave
fromthetraillngedge,thebasicunperturbedflowisirrotational.The
perturbedflowresultingfrommovementsofthewingisalsoirrotational
sinceanyperturbationsofthetrailing-edge--shockdonotproduceflow
changesinthewingfield.Fortheuppers~face””oftheairfoil,then,
itisa simpleprocessto evaluatethepressuresthatgiverisetothe
aerodynamiccoefficientsby anapplicationoflinetiizedSupersonic-flow
theory.Thisprocedurewascarriedoutinreference4,andinthatpaper -—

expressionsarepresentedforthepressures-l’orthevariousmotions. .-
=. -

Alongthelowersurfaceofthewingtheunperturbedflowbehindthe
~hockfromtheleadingedgeisrotational.Itispossible,however,to -
determineanalyticallythepressuredistributionalongthelowersurface
fortime-dependentmotionsofthewingby a linearizationoftheequa- —
tionsofrotationalflow,togetherwitha knowledgeoftheboundary
valuesoftheperturbed-flowvariablesalon&theattachedshocksurface

——
andwingsurface.Fulldetailsoftheline&rizationprocessforthetime-
dependentfloweq~tionsaregivenby Carrierinreference5. 4-

.,.

FORMULASFORPRESSURES,FORCES,ANDMOMENTS 2

ForcesandMomentsProducedby anIncrementalChange

Froma FiniteAngleofAttack .

Theaerodynamiccoefficientsassociatedwithan incrementalchange
inangleofattackhavebeengiveninreference4. Thesecoefficients
arereproducedhereforthesakeof completenessandforuseinlater
developments.

Flat-platesection.-Thepressuredifferenceincoefficientform AC!pw

producedbyan incrementalchangeAu inaggleofattackis

(ACPU =CP,2 -Cp,u= 4u~M1
)

2$~a-M&$ (1)
&2 G=ao
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Thecorrespondingexpressionfortheliftcoefficient
is

9

inderivative

a. (2)

!&epressureratiospi/pm and p2/pm asfunctionsof & and a.
aredeterminedfromthefollowingrelationspresentedinreference6:

Pl_l+ %2 ~+&2(7+l)Mm4-@w2 -1)C2+
Pa)

(Mm2- $’2 4(M2- 1)2

C06+37+ l)Mm4-
7&2

[
(7+ 1)2&8-7 + 127- 372M

(l&2- 1)’(/2 32 24

P2 ~ 7%2—=- ~2E+*
2 (7+ 1)%4 -4(&2 - 1) #

Pm
(Mm2- 1) 4(hf$- 1)2

7Mm2
[
y+l 8-5+77-272
—% lff + :(7+ l)&’+-

2(M# - 1)7/2 6 6

where ein~ and
equations(1)and(2).
inreferences4 andT.
intermsof 6, ~, and ~:

P
8 isreplacedby a. whensubstitutedintom
Thequantity~a hasbeenpreviouslyderived
Thisquantityiscompactlydefinedas follows

*2sin2(6 - ~)stn2El

‘la‘-(1 + &2sin2e)cos(e- E)+ (1- &2sin26)tan6 sin(e-E) ‘3)

where 6 istheangleoftheunperturbedleading-edgeshockrelative
tothefree-streamdirection.(Seefig.3.) As inthecaseofthepres-

. sureratios,e isreplacedby ~ whensubstitutedintoequations(1)
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and(2). ForCOIWeI’KknCe, KIL3 has beenplottedagainste infig-
ure4 fora ra~e offree-streamMachnumbers&. IIJ.ustrativevaria- P
tionsof cZa withangleofattackforseveralMachnumbersarepre-
sentedinreference4.

Wedgesection.-Determiningtheexpressionsforthepressuredue
to theliftingmotionandliftcoefficientforthewedgeairfoilsection
isa simpleprocessoncetheseexpressions,~eavailablefortheflat-_
plateairfoilsection(orwedgesectionat zeroangleofattack).In
figure3 it isseenthattheangleof inclinationofthelowersurface

.

is et=cLo+ 151 andthattheangleofinclinationoftheuppersur-
faceofthewedgeis ~ = a. - Ibl where Ibl istheabsolutevalue
ofthesemiapexangleofthewedge.Belowthewing,theflowparameters
are Ml) Pl,and P1 anddependupontheshock-flowturningangle
El= a. + 151;abovethewingwhen a.> 151,theflowparameters=e
M2Y P2~and p2 anddependupontheexpansionangle ~ = a. - 151.
For a. < Ibl,theflowovertheuppersurfaceisnotexpandedbutcom-
pressed;thatis,theuppersurfacehasanattachedleading-edgeshock,
andtheflowparametersare Ml) PI>and P1 andarefunctionsofthe
shock-flowturningangle Cu= IbI- ~. Theexpressionsforthepres-
sureduetotheliftingmotionin coefficientformare

~Pa = cP,2a- Cp,ua
F

1
/

(%> 1~1) (4a)

Theliftcoefficientsinderivativeformcorresponding
are

(CLO<1~1)(4b)

to equations(4)

Cz =- ( )2 M2~@ (J‘ M22P2
plPm cos(~+151)+7— —

a E=Et U 2 Pme=c cOs(aO -151)u
.

■
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.

wherethesubscripts

tich MI, M2,

Forcesand

(a”< /5[) (m)

ontheparenthesesindicatethevalueof e for

MomentsProducedby

aretobe determined.

ConstantVerticalAcceleration

Flat-platesection.-
.

!l?nepressuredifferenceincoefficientform ~“
producedby a wingmovingdownwardwithan infinitesimalconstantaccelera-
tionintwo-dimensionalflowisgivenby

Thequantity KII whichinthepresentnotationmaybewrittenas
h

J=sin2$- Kf(l+ 2COS24 -
e [2 + (K1a)2cotp B12sln2P - Cos%

K1l= d (7)
cosq3 - B12~a~sin 2P

maybe obtainedfrcmtheanalysisofreference3.
substitutedintoequation(6)> j3 is setequalto
definedby equation(3) with c setequalto ao.
tith ~ fora rangeoffree-streamMachnumbersispresentedin

Whenequation(7) is
e - a. and K1’ is
Thevariationof K1l

Thecorrespondingformulasfor
cientsexpressedas ratesof change

areas follows:

theli~ andpitching-mcwnent
with ~ as & approaches

w

figure~.

coeffi-
zero
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=C!. cosa% o

‘%= (z-5)%
(8)

(9)

Thesymbol~ representsthechordwisedistanceofthepitch-axisloca-
tionfromtheleadingedgeofthewingas showninfigurel(b).The
positivedirectionofpitching

cl“
Thevariationof

‘0sa“
ofattacka. forfree-stresm

cl-
ure6. Since a .&

cosao ~.~
cl” c 3

of inthisf@ure cancosa.

momentis~so indicatedinthisfigure.

orthenormal-forcederivativewithangle ,

Machnumbers& isshowninfig.

forthefkt-platewing,thevariations

alsobe ccmsideredasvariationsof

c&
— in*ich ~ isequalto ~. Someillustrativevsxiationsof CZ.
:.$ a *

with a. and & arepresentedinfiguresT and8,respectively.Some
illustrativevariationsof c% with ~ and & fortwopitch-axis #

locations,~ = 0.25and0.50,arepresentedinfigures9 and10,
respectively.

Wedgesection.-T& pressure-differencecoefficient,lift,and
pitching-momentcoefficientforthewinghavinga wedgeairfoilsection
performinga plungingmotion,thatis,a motionwithconstantvertical
acceleration,aredetermined”inessentiallythesamewayasthatdescribed
forthewedgesectionat a perturbedangleofattack.Thepressure-
differencecoefficientsare
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Thecorrespondinglif%andpitching-moment

13

derivativesare

jbl) (ao>181) (Q)

cl●a

and

The
the

For

may

‘Untitiesc%,i!andC%,u ‘e ‘he‘O-l-fOrce
loweranduppersurfaces,respectively,ofthewing

%,U=’(*’E%)E=..
%.=-’l%w.=.%

(1’)

derivativesof
andareequalto

(ao> 151)

(% <151)

zeroangleofattack,%, z = -C%,u andequations(llb)and(12)

bewritten

(%) (=Ecoslbi - 2 )()C2Ga&o.
ao=O 3 Cos151 Cos151

Theeffectofwedgethicknessonthe cl~ variationwithfree-
stresml%chnumberispresentedinfigureI-1forthewingat zeroangle
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ofattack.Increasingthewedge
tivevalueofthisde~ivativeit
effectofwedgethiclmessonthe

NACATN4(%9

angleorthicknessincreasesthenega-
a givenfree-streamMachnumber.The
variationofthe ~ derivativewith

.

w
free-streemMachnumberforveriouspositionsofthe~itchaxisispre-
sentedinfigure12forthewingat zeroangleofattack.Figure13
presentssomeillustrativevariationsofthisderivativewithwedge
thicknessfordifferentfree-streamMachnumbersat zeroangleofattack.
Figure14 isan illustrationofthevariationof c% withangleof
attackfortwothicknessratiosanda rangeofMachnumbers.It should
be emphasizedthatthevalidityofthesederivativesforthehigher
anglesofattackconsideredinthesefiguresis questionableprimarily
becauseoftheeffectofviscousseparationwhichprobablyrestrictsthe
usefulnessoftheresultstoa muchsmallerrangeofangleofattack.
Inaddition,itshouldbepointedoutthatitisrealizedthatthe
lb-percent-thickairfoilconsideredinfigures11to 14andinsomesuc-

—

cessivefiguresisan exampleofextremethickness;however,thevaria-
tionsofthederivativesforthisthicknessarepresentedinorderto
indicatea relativeeffectofthicknessovera widerangeofthethickness
parameter.

ForcesandMomentsProducedby SlowRotaryOscillations

Forlow-frequencyoscillationsofthewing,ithasbeendemon-
strated(seesectionentitled‘lPreliminaryRemarks”)thattheoscillatory
forcesandmomentsmaybe approximatedbythelinearsumofthesequanti- .
tiesforconstantverticalaccelerationandsteadypitchingmotion.On
thisbasis,theoscillatoryliftandpitchingmomentinderivativeform
appropriateto stabilitystudiesmaybe expressedas
~+ c%, respectively.

Clq+ Cza and &

Theaerodynamicsurfacepressuresandtheforceandmcmentcoeffi-
cientsduetopitchinghavebeenderivedinreference4;therefore,in
thispaperitisnecesswytomakeuseofonlytheseresultsandthe
correspondingresultsfortheconstantverticalaccelerationpresented
previouslyinorderto determinethefirst-orderoscillatorycoefficients.

Flat-platesection.-
givenby

Thepressuredifferenceincoefficientformis

~ = Xpq + ACp&

.

d
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.

where,fromreference
3

15

4,

(13)

Fromequations(6)and(13)expressionsforthelif%andpitching-
momentderivativesaregiven>respective~J by

c1 + cl&=[ +-(4%%% ~1=
)+ K1aEcosa. +

q %0 Pd.

r(4“2P2p21-g 1.— z!
)1

-— cosa.
Br$fmPcnp. 2B22

H3EXH!!E%

(14)

(15)

(where c1 + cl&
q )

isthevalueoftheliftderivativeforthepitch

axislocatedatth~=!eadingedge(~= O).
inequation(14)is

Theparameter‘III a~earing

+ %
(16)

. Thevariationofthisparameterwithfree-streamMachnumberandangle
ofattackispresentedinfigure15.

n
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c1 + cl.
Thevariationof q a orthenormal-forcederivativewith

coaa.
angleofattackforfree-streamMachnumbersarepresentedinfigure16
forthepitchaxislocatedattheleadingedge(~= O). Illustrative
variationsoftheliftderivativec1~ + cl. andthepitching-momenta
derivative~q + c% withangleofattackandwithMachnumberfor

differentlocationsofthepitchaxisaregiveninfigures17to 20.
Inorderthattheeffectofthicknessmight.beMde readilyapparent>
Machnuderandangle-of-attackvariationsof cmq+ c% fora l’-percent-
thickwedgesectionhavebeenpreparedasfigure21..Thesesamevaria-
tionsfortheflat-platewingarepresentedInfigure23. Moreextensive
variationsofthevariousaerodynamiccoefficientsforthewedgesection
areintroducedsubsequently.

Wedgesection.-Thepressure-differencecoefficient,lift,and
pitching-momentcoefficientforthewedgesectionperforminga low-
frequencyoscillatorymotionaredeterminedby thesameprocedureused
in;btainingthese
calacceleration.

Fromreference4,

r

q&ntitiesforthewedgeexecutinga constantverti-
Thepressure-differencecoefficientis

flJ2pqmaybe expressedas

and

(17a)

—

(lp)
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*
Thisexpression
isan excellent

17

for ACpq ofthewedgeairfoilsectionisnotexactbut
approximationofthecorrectlinearizedexpressionfor

* pressuredifferenceduetopitching.Theapproximationar~sesfromthe
useforthewedgeairfoilsectionofthepressureexpressionsforthe
flat-plateairfoilsection,thatis,pitchingaboutan axislocatedin
theplaneoftheplate.Forthewedgesection,however,thepitching
axisisnotlocatedineitherplaneofthewedgesurfacebutislocated
inthechordplaneof symmetry.(Seefig.1.) Theprescribedvelocity
distributionalongthewedgeswfaces,therefore,isidenticalto the
prescribedvelocitydistributionalongthesurfaceofa flatplate
pitchingaboutan axisthatisdisplacedfromtheplaneoftheplateand
notaboutan axislocatedintheplaneoftheplate.Thisdisplacement
ofthepitchaxisproducessmallchangesinthemagnitudeandinclination
ofthesurfacevelocitydistributionand,hence,inthepressuredistribu-
tionthatisnotaccountedforby theapplicationoftheflat-platepres-
sureexpressions.Forsemiapexanglesofthewedgethatare10°or less,
theeffectofthepitching-axisdisplacementisnegligibleandequa-
tions(17)as statedpreviouslyarean excellentapproximationtothe
exactlinearizedpressure.Forlargersemiapexangles(say150),equa-
tions(17)arestilladequate
tothepitchingmotion.From
thecorrespondingexpressions
respectively,areas follows:

/

fortheoreticalestimat~sofpress~edue
equations(10)for ACpa andequations(17),
fortheliftandpitching-mmentderivatives,

1 }+KI~ COS @ COS(CLO + Itil) +
~=~

z

u

(~> 151) (l&)

.—

(%<id) (18b)
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v

As indicatedpreviously,thevaluesofthederivativesat zeroangle
ofattackareeqpalto twicethevaluesofthesequantitiesdeterminedfor

->

thelowersurface:

.

w
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(%c + %)m+=(%+%)G.J“Os“i -,..:,, ) -

Illustrativevariationsoftheeffectofwedgethicknessforzero
angleofattackontheliftandpitching-momentderivativesarepresented
infigures22to 24. Theeffectofwedgethicknessonthevariationof
Cmq+ %~ withahgleofattackforvariousMachnumbersis showninfig-

ure25. Inthisfigurefortheangle-of-attackrangenearzero,an
increaseinthicknesstendsto decreasethepitching-momentcoefficient
atthelowestMachnumberbutincreasesitatthehigherMachnumbers.

——

At highanglesofattack(00> 20°)andMachnumbers,increasedthickness
resultsina decreaseindampingata givenangleofattack.

An indicationoftheeffectofangleofattackandthicknessonthe
pitching-momentneutral-stabilityboundary

(% + Cm. )= O canbe obtained
fromfigures26and27,respectively.Increasingangleofattackor
increasingthiclmesstendsto expandtherangeofMachnumberandpitch-
a.xi.slocationsforwhichpitchinginstabihtyoccursc

(% )
+Cm~>O.

s
Inreference4 itis shownthata goodapproximationof

c%’ ‘he
* steady-statepartofthepitching-mmnentcoefficient,canbe obtainedby

assumingthattheeffectoftheshockontheperturbedflowcanbe neg-
lected.Inaddition,itwasassumedthattheperturbed-flowcomponents
couldbe expressedasthederivativesofa potentialfunction,basedupon
theunperturbedvelocityV1 oftheshockflowalongthelowersurface
oftheairfoil.Thesesameassumptionswereusedinreference4 to cal-
culateapproximatevaluesof c%, thetime-dependentpa ofthepitching-

momentcoefficientc + c%.%1 A ccmparl.sonofthisapproximationof %
withthemorerigorousestimatespresentedhereinisgiveninfigure28.
Itisobservedthattheapproximatederivativepredictsthevariationof
theexactderivativewithangleofattackfordifferentMachnumbers,
althoughtheaccuracyoftheapproximationmaybe objectionableforrefined
estimatesofthepitchingmoment.

Possibly,a moreaccurateapproximationto thelinearizedrotational-
flowvalueofthepitchingmomentisthesecond-ordersolutiondeveloped
by VanDykeinreference8 whichis cm-paredwiththerotational-flow.
solutioninreference2. Thisccqarisonwasfortheneutral-stability
boundaryat zeroangleofattackofa wedgewitha 5° semiapexangleand

u
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showed,forthiswedge,excellentagreementbetweenthesecond-orderand
rotational-flowsolutions.

CONCLUDINGREMARKS

Calculationshavebeenmadefortheeffectofangleofattackand
wedgethicknessontheaeralynamiccoefficientsofa wingperforminga
plungingmotionandrotaryoscillationsatverylowfrequenciesintwo-
dimensionalflow.Theresultspresentedarefora rangeofangleof
attack,wingthickness,andMachnumberforwhichtheflowbehindthe
shockattachedtotheleadingedgeiseverywheresupersonic,although
theeffectofviscousseparationatthefiniteanglesofattackrestricts
thevalidityoftheresultsto a muchsmallerrangeoftheseparameters.

Theresultsoftheanalysisandcalculationsshowthat fortheflat-
platesectionandwedgesectionoffinitethickness,increasingMachnuh-
ber,fora fixedangleofattackofthewing,decreasesthepositive
(destabilizing)valuesofthepitching-mcmentderivative‘%+%
andeventuallycausesthevaluesofthederivativetobecomenegative
(stabilizing).Fora fixedI&chnuniber,increasingtheangleofattack
ofthewinginthemoderateandhighangle-of-attackrangedecreasesthe
negativevalueofthepitching-momentderivative.Thiseffectbecomes
morepredominantwithincreasingwedgethicknessandrearward movements
ofthepitching-axislocatim.

TherangesofMachnumberandpitch-axislocationforwhichpitching
instabilityoccursareincreasedwithan increaseinangleofattackand
an increaseinthickness.

.

w

IangleyAeronauticalLaboratory,
NationalAdvisoryCommitteeforAeronautics,

LangleyField,Vs.,May28,1$57.
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